Understanding how climate affects tree growth is essential for assessing climate change impacts 22 on forests, but can be confounded by effects of competition, which strongly influences tree 23 responses to climate. We characterized the joint influences of tree size, competition and climate 24 on diameter growth using hierarchical Bayesian methods applied to permanent sample plot data 25 from the montane forests of Mount Rainier National Park, Washington State, USA, which are 26 mostly comprised of Abies amabilis Douglas ex Forbes, Tsuga heterophylla (Raf.) Sarg, 27
effective measure of site quality in many situations (Weiskittel et al. 2011 ). However, the 64 usefulness of site index for predicting stand dynamics in the future will likely be diminished as 65 the magnitude of climate change increases and height-growth rates under past climates become 66 poorer indicators of performance under future climates. Similarly, models using a stand's 67 latitude, longitude and/or elevation to characterize site quality will become less useful as the 68 future climate at a location becomes increasingly different from the past climate. Explicitly 69 modeling growth as a function of climate avoids this problem, yields more insight into the 70 mechanisms behind patterns in growth and can potentially provide more realistic projections of 71 future growth. 72
In this study, we address these issues by extending a well-accepted growth modeling 73 approach to characterize the interactive effects of climate and competition on tree diameter 74 growth, a process that can ultimately provide forest managers with useful tools to prepare for 75 and abundant species in these forests, and play critical ecological and economic roles in the 115 region (Franklin and Dyrness 1988). In the western Cascade Range, Abies amabilis tends to be 116 located at higher elevations with colder and wetter climates compared to the other focal species, 117 which are most abundant at lower elevations with warmer and drier climates. All these species 118 are found on a wide variety of soils. Pseudotsuga menziesii tends to dominate young stands with 119 some individuals often persisting for over 1000 years, though recruitment in older stands is very 120 low; the other species tend to be rare in young stands, but become abundant or dominant as 121 stands age (Franklin et al. 1988) . 122
The objectives of our analyses were to: 1) examine how climate, competition and their 123 interaction influence tree growth in order to assess how growth responses to climatic gradients 124 differ based on the local competitive environment, and how these effects might vary amongst 125 tree species; 2) project potential impacts of climate change on individual tree growth across a 126 range of local competitive environments; and 3) assess how these impacts of climate change on 127 D r a f t
Study area 132
Our study plots were established in mature and old-growth forests in Mount Rainier 133 National Park, which occupies a rugged mountainous landscape with large elevation, 134 topographic and climatic gradients, encompassing 95 354 ha of the western Cascade Range in 135
Washington State, USA (Fig. 1) Fig. 1) . Each 100 by 100 m (1 ha) square-146 shaped plot was divided into 16 25 by 25 m subplots. In each subplot, all trees with a diameter at 147 breast height greater than 15 cm were marked with metal tags placed at breast height (1.37 m). In 148 some subplots we also marked all trees between 5 and 15 cm diameter. The surviving trees and 149 any new trees that grew to become larger than the minimum diameter threshold (5 or 15 cm -150 depending on the subplot) were re-measured at the height of the tags using diameter tape about 151 every 5 years through 2008 (Acker et al. 1998 ; Larson and Franklin 2010) ( Table 2) . 152
We used these data to model the growth rates of all measured trees in the plots 153 (controlling for difference in growth rate amongst species), and fit species-specific growthD r a f t 8 models for tree species that met the following criteria: 1) were present in plots that spanned an 155 elevational range of at least 500 m (so they experienced a wide range of climates), 2) had at least 156 15 individuals per plot in a minimum of six plots and 3) had a total of 100 individuals across all 157 plots. Four of the 17 species in the plots met all criteria and represented 84% of all individuals in 158 the study: Abies amabilis (Pacific silver fir), Tsuga heterophylla (western hemlock), 159
Pseudotsuga menziesii (Douglas-fir) and Thuja plicata (western redcedar) ( Table 2) . 160
We used these tree diameter measurements to calculate tree size, growth rate and 161 competition metrics for each tree while it was alive and included in the surveys. For the analyses, 162
we used the midpoint of the individual's diameter over the time it was tracked in the study as our 163 measure of tree size. We calculated the mean annual diameter growth rate for each tree in the 164 study as the change in diameter over the time it was tracked, divided by the number of years it 165 was tracked (thus, each data point in the analyses represented one tree from the study). We used 166 this long-term mean value of growth, instead of the growth measurements from each survey, to 167 reduce the effects of measurement error, which could potentially be large relative to the very 168 small growth increments typically observed during the ~5-year measurement intervals. Over the 169 single measurement intervals, the median diameter growth increment was 0.7 cm and the median 170 relative growth increment was 2.4% of the tree's diameter; over the whole study, the median 171 diameter growth increment was 2.8 cm and the median relative growth increment was 10. 
Data analysis 213
We fit a diameter growth model for all trees in the study that controlled for differences in 214 growth rate amongst species (hereafter, the "all-trees" model), as well as species-specific growth 215 models for each of the four focal species. The deterministic component of our model was based We included normally distributed random effects of subplots (nested within plots) on the 225 intercept of the model (β 0 ) to account for variability amongst locations in unmeasured factors 226 that could influence site quality. For the all-trees model, we also included normally distributed 227 random effects of species on β 0 to account for variability in growth rates amongst species. We 228 used a normal error distribution, and found that using square-root-tranformed growth values led 229 to normally distributed residuals, while other transformations and the untransformed values did 230 not. The square-root-transformation required us to exclude negative growth values. However, 231 this exclusion affected only a small portion of the dataset (2.9%). We also tried fitting nonlinear 232 versions of the model (as in ORGANON), but those did not converge. 233
Because variance in growth often increases with tree size, we allowed the standard 234 deviation of square-root-transformed growth to vary by tree diameter. To determine how to best 235 D r a f t characterize this relationship for each focal species and the all-trees analysis, we fit candidate 236 models in which the standard deviation of transformed growth either did not vary with diameter, 237
varied with x 1 , varied with x 2 , or varied with both x 1 and x 2 . In each of these candidate models, 238 transformed growth was a function of both x 1 and x 2 . We calculated DIC for each candidate 239 model to select the best model, and used that model's standard deviation component in all 240 subsequent modeling. 241
Next, for each focal species and the all-trees analysis, we fit additional candidate models 242 that differed by which combination of competitive environment (x 3 , x 4 ) and climatic water 243 balance explanatory variables (x 5 , x 6 , x 7 ) were included. We calculated DIC for each candidate 244 model to aid in climate and competition variable selection. After selecting the final set of 245 explanatory variables, we added parameters for interactions between the selected climate and 246 competition variables (regardless of whether the interaction parameters improved model fit) to 247 ensure we realistically characterized the interactive effects of climate and competition on growth, 248 and to avoid spurious interaction effects that could be artifacts of model form. For example, the 249 equation for the final model in the all-trees analysis was: 250
where β int is the parameter for the interaction between x 3 and x 5 (the terms that include the BAL 251 competition variable and the PET climate variable, respectively). 252
We fit the models using Markov chain Monte Carlo (MCMC) simulation techniques 253 implemented in JAGS using the rjags package and GLM module (Plummer 2014) we assigned flat normal prior distributions with a mean of 0 and a standard deviation of 100. We 258 ran the models with three MCMC chains and a burn-in of 1000 iterations, and continued each 259 MCMC run for 1000 more iterations (the GLM module in JAGS can allow chains to converge 260 with relatively few iterations). We confirmed the chains had converged using the Gelman-Rubin 261 statistic and visual inspection of the chains and posterior parameter distributions. 262
We then used the final model for each species (and the all-trees analysis) to assess how 263 mean individual growth rate varied across different combinations of climatic and competitive 264 conditions, and project the impact of climate change on individual growth under different levels 265 of competition. Our goal was to apply our models to real populations of trees with representative 266 distributions of individual sizes, while also avoiding any confounding effects that variation in 267 tree size amongst plots and subplots could have on characterizing the relationship between 268 growth and climate or competition. To do this, we used the fitted growth models to calculate the 269 mean expected growth rate for each species (or all trees) under different combinations of climatic 270 and competitive conditions based on the data for all measured individuals across all study plots 271 during the survey closest to the midpoint of the study (i.e., we calculated the mean expected 272 growth rate for the same set of trees under different combinations of climate and competition). 273
We also used the all-trees model to calculate how total growth at the stand scale varies 274 with climate and competitive environment in order to assess the impacts of climate change on 275 stand-scale growth rates. First, we considered the trees observed at each of the 240 subplots 276 during the survey closest to the midpoint of the study to be a sampling of stands that cover a 277 range of competitive environments, each with a particular distribution of tree sizes and degree of 278 crowding. We then estimated the annual diameter growth of each tree greater than 15 Fig. 2 ). Variance in growth also tended to increase 290 nonlinearly with greater size. The residuals of the growth models met the assumption of 291 normality (Fig. S1 ), and were not biased with respect to competition (Fig. S2) or climate (Fig.  292   S3 ). The plots of predicted versus observed growth values also showed no clear biases (Fig. S4) . 293
Individual growth was typically greater in less competitive environments (Fig. 3) , but 294 species differed in whether the symmetric (BA) or asymmetric (BAL) measure of competition 295 led to lower DIC values (indicating better fit) (Table 3) . Growth also tended to increase with 296 greater energy availability. Other than the Thuja plicata analysis, the candidate model with the 297 lowest DIC value included a positive effect of PET as the only climatic effect (Pseudotsuga 298 menziesii), implying that greater energy availability was associated with higher growth rates, or 299 (Table 3 ), suggesting that growth in this species was limited by the simultaneous availability of 314 energy and water (Fig. 3) . 315
Growth tended to increase with more favorable climatic conditions (higher PET or AET) 316 where competition (BA or BAL) was low, but was mostly insensitive to climate under high 317 competition (Fig. 3, Fig. 4) . These results are unlikely to be due to collinearity of the climate and 318 competition variables because the correlations between these variables were weak (Fig. S5) . 319
However, the strength of the growth responses to climate, competition and their interaction 320 varied by species (Table 3, Fig. 3) . 321
The all-trees model predicted that climate change would lead to higher growth rates in the 322 effects of crowding on the ability of trees to respond to more favorable climates with increased 335 growth (Fig. 3, Fig. 4) . Climate change will likely increase individual growth in these forests by 336 increasing energy availability, and these enhancements will likely be most prevalent in stands 337 with low basal area where there is little competition (Fig. 5a) . However, there were some 338 important species-specific variations on this theme, suggesting that growth responses to climate 339 change under different competitive environments will be similar yet distinct amongst species 340 (Fig. 2, Fig. 3 ). At the stand scale, the response of aggregate growth to climate change will be 341 determined by changes in individual growth rates and the density and sizes of those individuals. 342
Our results suggest that stand-scale increases in biomass growth due to climate change will be 343 greater at medium compared to low basal area, due to greater capacity for biomass increases with 344 greater basal area, but similar at high and medium basal areas, due to greater competition 345 counteracting the effects of further gains in biomass increase capacity (Fig. 5b) . Thus, 346 competition will likely mediate the impacts of climate change on tree growth in important but 347 complex ways at individual and stand scales.
D r a f t
Our analyses suggest that tree growth at Mount Rainier is primarily energy-limited under 350 current conditions. During the study, there were periods of modeled climatic water deficit in the 351 top 150 cm of soil, suggesting the trees did experience some drought stress, but these values 352 tended to be low (Table 1) 
Effects of competition on individual growth 381
Our growth models suggest that the trees in our study generally responded to reductions 382 in crowding with increased growth, but that species could differ in their sensitivities to 383 asymmetric versus symmetric competition. The all-trees analysis suggests that asymmetric 384 competition was generally a more important determinant of growth than symmetric competition, 385 because models with BAL (our measure of asymmetric competition) performed better than 386 models with BA (our measure of symmetric competition), or BAL and BA together. However, 387 D r a f t Though our analyses were able to detect clear impacts of competition, our competition metrics 396 were susceptible to edge effects because trees on the edges of subplots were surely affected by 397 competition from neighboring trees adjacent to the subplot, but those effects were not reflected 398 in the competition metrics. Thus, analyses with distance-dependent competition metrics may lead 399 to further improvement in our understanding of how competition mediates the relationship 400 between climate and growth in these forests. 401
Joint effects of climate and competition on individual-scale growth 402
At the individual scale, growth rates were often highly sensitive to differences in climate 403 under low competition, but mostly insensitive under high competition (Fig. 3, Fig. 4 rates, and for this growth increase to be greatest in the least competitive stands (Fig. 5a) . The 409 interactive effect of climate and competition on growth also implies that as warming leads to a 410 generally more favorable climate in these forest types, competition effects will become 411 increasingly important and differences in crowding will be associated with greater differences in 412 individual growth rates. (Fig. 5b) . Thus, increases in growth brought by climate change will likely be greatest in 443 medium-to high-basal-area stands. These results also imply that while population-and 444 community-level responses to climate change via increased individual growth might be greatest 445 in less crowded stands, ecosystem-level responses via enhanced biomass production might be 446 greatest in more crowded stands. 447
Implications for future research and management 448
This study highlights the importance of assessing the impacts of climate change on tree 449 growth in the context of the competitive environment trees experience. Permanent sample plots 450 provide valuable data for these types of assessments because they allow researchers to study 451 growth responses to climate for trees that differ greatly in size and in the degree of competition 452 they face. Our finding that growth responses to climate depend on the tree's local competitive 453 environment implies that forest managers should expect climate change effects on tree growth to 454 be heterogeneous across the landscape and to vary based on stand structure. These types of 455 inferences cannot be made directly with growth models that do not explicitly include climate, 456 such as those that base site quality on site index. But our study shows that the interactive effects 457 of climate and competition on growth can be characterized in meaningful ways by incorporating Tables  629  630  Table 1 values, but show model predictions on the untransformed scale in these plots. 655 
